We evaluated the association between pericardial fat and myocardial ischemia for risk stratification.
P ericardial fat volume (PFV) and intrathoracic fat volume (TFV) can be quantified from noncontrast computed tomography (CT) scans performed for coronary calcium scoring (CCS) (1, 2) . PFV measured on noncontrast CT is strongly associated with coronary artery disease (CAD), CCS, severity of detected CAD, biochemical markers of systemic inflammation, and risk of future adverse cardiovascular events (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . However, whether any relationship exists between PFV and myocardial ischemia has not been determined. Recently, to overcome the excessive time and resources needed for quantifying PFV in a large cohort, we used a case-control study to demonstrate a significant association between PFV and major adverse cardiac event (MACE) risk (15) . A case-control study design is often used to initially assess the epidemiologic importance of potentially novel disease markers, leading to subsequent prospective research (16 -18) . We therefore conducted the following case-control study to evaluate whether PFV and TFV obtained from noncontrast CT would provide additive value for identifying patients with increased risk for ischemia in a group of patients with no previous history of CAD.
M E T H O D S
Patient population and CT imaging. Patients were drawn from a cohort of 1,777 consecutive patients without known coronary artery disease enrolled in the EISNER (Early Identification of Subclinical Atherosclerosis Using Non-Invasive Imaging Research) registry at Cedars-Sinai Medical Center, who underwent noncontrast CT for CCS and myocardial perfusion single-photon emission computed tomography (SPECT) within 6 months of each other (15.5 Ϯ 27.3 days between studies). Inclusion criteria for these patients were adults 45 to 80 years of age with intermediate pre-test probability for CAD defined by: 1) man Ն55 years of age or woman Ն65 years of age; or 2) man between 45 and 54 years of age or woman between 55 and 64 years of age with at least 1 traditional CAD risk factor. Patients with unstable angina, history of myocardial infarction, coronary revascularization, cardiomyopathy, peripheral artery disease, or stroke were excluded. In this cohort, there were 73 patients (population "cases" ϭ 73) with inducible ischemia (summed difference score Ն4). We matched each patient with ischemia to 2 same-sex controls using a propensity score. The technique of propensity score-based matching has been widely used to simultaneously control many confounders (19, 20) . An overall score was first calculated for each patient using a probit model accounting for age, body mass index (BMI), Framingham risk score (FRS), diabetes, clinical symptoms at the time of SPECT, and CCS categories defined as CCS ϭ 0, CCS ϭ 1 to 99, CCS ϭ 100 to 399, and CCS Ͼ400) with a widely used STATA software module (StataCorp LP, College Station, Texas) (15, 21) . Each case was then matched to 2 controls using single nearest-neighbor matching, with no replacement. A total of 219 patients (73 cases and 146 controls) thus comprised the study population. This study was conducted according to guidelines of the Cedars-Sinai Medical Center institutional review board. All patients provided written consent for use of their data.
Noncontrast CT was acquired using an electronbeam (e-Speed, GE Healthcare, Milwaukee, Wisconsin) or a 4-slice CT scanner (Somatom Volumezoom, Siemens Medical Solutions, Forchheim, Germany). Both scanners were calibrated daily using air and water phantoms. Each scan extended from the aortic arch to the diaphragm and was obtained during a single breath-hold. The following scan parameters were used: heart rate dependent, prospective, electrocardiography (ECG) triggering (typically 45% to 60% of the R-R interval), 35-cm field of view, and 512 ϫ 512 matrix size. Tube voltage was 120 kVp with multislice scanning. Slice thickness was 3 mm for electron-beam CT and 2.5 mm for multislice CT.
All CT images were reviewed by an expert reader, using semiautomatic commercially available software (ScImage, Los Altos, California) to quantify coronary calcium. Total Agatston CCS was calculated as the sum of calcified plaque scores of all coronary arteries (22) . The CT images were transferred to a research workstation for pericardial and thoracic fat quantification. Pericardial and thoracic fat quantification. Pericardial and thoracic fat quantification was performed by software (QFAT) developed at Cedars-Sinai Medical Center (Los Angeles, California), as previously described (1, 15) . Pericardial fat was defined as adipose tissue enclosed by the visceral pericardium, including fat directly surrounding the coronary arteries. Thoracic fat was defined as all adipose tissue within the chest at the level of the heart, enclosed by the posterior limit of the heart and above the diaphragm, with the same cranial and 
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For defining pericardial contours, the upper slice limit, marked by bifurcation of the pulmonary trunk, and lower slice limit, identified as the slice just below the posterior descending artery, were chosen. This lower limit was chosen to better distinguish pericardial fat from fat around the diaphragm. As in our previous work (1,15), 5 to 7 control points on the pericardium in each transverse view were assigned by an expert reader blinded to patient status and clinical noncontrast CT interpretation. From these control points, piecewise cubic Catmull-Rom spline functions were automatically generated to create a smooth closed pericardial contour (23) for quantification of PFV and TFV (in cm 3 ). Contiguous 3-dimensional voxels between Ϫ190 HU to Ϫ30 HU were defined as fat voxels by default (4,24 -26) ; these limits could be modified by the user if deemed appropriate. Figure 1 shows a case example of PFV and TFV measurement. Exercise and adenosine stress SPECT protocols. Patients were instructed to discontinue beta-blockers and calcium antagonists 48 h and nitrates 24 h before testing. Rest perfusion images were acquired 10 min after infusion of 3 to 4.5 mCi of 201 Tl (based on body weight). Stress testing was performed with a symptom-limited Bruce treadmill exercise protocol or vasodilator challenge, as described previously (27) . At near-maximal exercise, Tc-sestamibi (32 to 40 mCi) was injected intravenously, after which treadmill exercise was continued at maximal workload for 1 min and at 1 stage lower for 2 additional min whenever possible. 99m Tc-sestamibi myocardial perfusion imaging (MPI) acquisition was started 15 to 30 min after radiopharmaceutical injection. For vasodilator stress, adenosine was infused at 140 g/kg/min for 5 min; in ambulatory patients, a low-level treadmill exercise was performed during adenosine infusion (28) . At the end of the second minute, 99m Tcsestamibi (32 to 40 mCi) was injected, and myocardial imaging was started approximately 60 min later (29) . A 12-lead ECG was monitored continuously during stress testing. Horizontal or downsloping ST-segment depression Ն1 mm or upsloping Ն1.5 mm was considered positive for ischemia. SPECT acquisition and reconstruction protocols. The SPECT images were acquired with a 2-detector gamma camera (Philips Adac Forte or Vertex, Philips Medical Systems, Cleveland, Ohio, or E-Cam, Siemens Medical Solutions). High-resolution collimators were used, and acquisition consisted of 64 projections over a 180°orbit, with 64 projections at 25 s/projection for supine Tc; order 5), short-axis images were automatically generated (31).
Computer-assisted visual quantification of SPECT.
Perfusion defect assessment on SPECT-MPI was performed using computer-assisted visual interpretation by an expert reader with the standard 17-segment, 5-point scoring model. The extent and severity of perfusion defect was quantified as summed stress score (SSS) and summed rest score (SRS). The extent and severity of ischemia was given by summed difference score (SDS ϭ SSS Ϫ SRS; SDS Ն4 ϭ abnormal) (32, 33) . Pericardial and thoracic fat quantification from a noncontrast computed tomography (CT) for a 65-year-old male patient. (A) Shows an axial slice with a clearly visible pericardium. This is manually delineated by the reader (blue outline) as shown in (B), and software-based quantification of pericardial and extrapericardial thoracic fat represented by red and yellow regions, respectively, is shown in (C). PFV ϭ pericardial fat volume; TFV ϭ thoracic fat volume.
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Statistical analysis. Distributions of CCS, PFV, and TFV as continuous variables were non-normal and were thus described as mean Ϯ SD after normalization with logarithmic adjustment. Base-2 logarithmic transformation was chosen because each unit increase represented a doubling of the variable in question (15, 34) . Other continuous variables were described as mean Ϯ SD. Univariate comparisons between cases and controls were made using the Student t test or the chi-square test, as appropriate. Conditional multivariable regression models were generated to evaluate the relationship between PFV, TFV, and CCS with ischemia. Model fit of the conditional logistic regression analyses were checked using the likelihood ratio test to evaluate whether addition of PFV and TFV improved prediction of ischemia. To further examine potential incremental value of PFV and TFV over established risk prediction strategies, receiver-operator characteristic (ROC) curves were constructed and areas under the curve (AUCs) were compared (35) . Differences in estimated sensitivity, specificity, and accuracy were compared using the McNemar test. Associations and differences with p values Ͻ0.05 were considered significant. All statistical analyses were performed using STATA software (version 10, StataCorp LP).
R E S U L T S
Our matching technique resulted in no significant differences in age, gender, FRS, and BMI between cases with ischemia and controls without ischemia ( Table 1) . The distribution of patients among the 4 CCS categories was similar in cases and controls, (chi-square value ϭ 0.76, p ϭ 0.859). Mean logtransformed CCS was slightly increased in cases compared with controls (8.49 Ϯ 3.3 vs. 7.64 Ϯ 3.1, p ϭ 0.06); however, this was not statistically significant. In the overall population, 40% of patients were symptomatic and 60% of patients were asymptomatic. Cases and controls were similar with respect to the proportion of individuals who were symptomatic (angina, dyspnea, atypical chest pain, and dyspnea with angina or atypical chest pain, p ϭ 0.17). By definition, all cases included in our analysis had inducible ischemia, with mean SSS values of 10.5 Ϯ 7.3 and mean SDS values of 9.9 Ϯ 6.8, and none of the controls had inducible ischemia, with mean SSS values of 0.1 Ϯ 0.4 and SDS values of 0.1 Ϯ 0.3.
In 20 patients in this cohort, PFV and TFV were analyzed by 2 independent observers. There was excellent correlation between the 2 observers for PFV and TFV (R ϭ 0.98, p Ͻ 0.0001 and R ϭ 0.99, p Ͻ 0.0001, respectively). The intraobserver variability was 8.4 Ϯ 5.8% for PFV and 2.4 Ϯ 4.1% for TFV, similar to our previous study with the same software (1, 15) ). In Table 2 , the sensitivity and positive predictive value (PPV) for both PFV and TFV for detection of myocardial ischemia are low, but the specificity and negative predictive value are higher. Multivariable and ROC analysis. In multivariable analysis that adjusted for age, BMI, presence of symptoms, and traditional risk factors, the only variables that showed a significant association with ischemia were log-transformed CCS, PFV, and TFV (Table 3 ). The odds ratio (OR) of ischemia for each doubling of PFV was 2.68 (95% confidence Table 4 ). The PFV was weakly correlated with CCS (Spearman rho coefficient 0.15, p ϭ 0.02), but TFV was not correlated (Spearman rho 0.12, p ϭ 0.07).
In ROC analysis, when PFV or TFV was incrementally added to CCS, prediction of ischemia by SPECT, as indicated by the ROC AUC, increased significantly from 0.68 to 0.75 (p ϭ 0.04) for PFV and from 0.68 to 0.75 (p ϭ 0.04) for TFV (Figs. 3 and 4) . In contrast, association of extrapericardial thoracic fat (defined as: TFV Ϫ PFV) with ischemia was much lower (OR: 1.83, 95% CI: 1.18 to 2.84, p ϭ 0.007), with smaller, nonsignificant increases in the ROC AUC (0.68 to 0.72, p ϭ 0.12) when incrementally added to CCS.
D I S C U S S I O N
Our results showed that PFV and TFV measured by noncontrast CT are strongly associated with ischemia by SPECT; to our knowledge, this is the first demonstration of the additive value of PFV and TFV for prediction of ischemia.
It has been suggested that pericardial fat may simply be a marker of overall metabolic risk rather NPV ϭ negative predictive value; PFV ϭ pericardial fat volume; PPV ϭ positive predictive value; TFV ϭ thoracic fat volume.
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than serving as an active mediator of CAD (4 -6,9,10); however, recent studies have shown that increased pericardial fat is strongly associated with increased coronary artery calcium, coronary plaque burden, and MACE. These findings and our observations of the strong association between pericardial fat and ischemia suggest that pericardial fat may play a more direct role in causing coronary atherosclerosis (1, 7, 8, (12) (13) (14) (15) 38) . Although the exact pathophysiologic mechanism has not been characterized, it has been hypothesized that pericardial fat releases inflammatory signals that promote atherogenesis in coronary arteries (6, 12) . It is thought that close proximity of pericardial fat to the coronary arteries may play a role in promoting atherogenesis (9, 10) . In a recent study, Mahabadi et al. (38) showed that there is a strong independent association between the local pericardial (pericoronary) fat that immediately surrounds the coronary arteries and the presence of both noncalcified and calcified coronary artery plaques. More recently Janik et al. (39) showed-in a small cohort of 45 patients-that epicardial fat is associated with ischemia by positron emission tomography and may be a better predictor of ischemia than CCS. The association between increased pericardial fat and ischemia seen in our study may be related to the paracrine effect exerted by pericardial and pericoronary artery fat on coronary atherosclerosis as postulated by Mahabadi et al. (38) .
We recently showed that PFV exhibits a significant association with MACE after adjustments for traditional risk factors for CAD and the FRS in a case-control study (15) . In a large population-based study, pericardial fat was also found to be strongly associated with a history of adverse cardiovascular events (8). Our observations further highlight the relationship between pericardial fat and CAD by demonstrating that there is a strong association between PFV and myocardial ischemia.
The relative importance of PFV and TFV in mediating coronary atherosclerosis has been a subject of investigation. Rosito et al. (9) showed that PFV but not TFV was associated with coronary calcification. Mahabadi et al. (10) showed that PFV, but not intrathoracic fat (equivalent to the extrapericardial TFV in our study) measured using noncontrast CT, was related to burden of prior cardiovascular disease after adjustment for age, sex, BMI, and waist circumference, suggesting that PFV may be a more specific disease marker. In our analysis, PFV and TFV were dependent variables and increased linearly. Increases in PFV and TFV were both associated with myocardial ischemia. In secondary analysis, the relationship between extrapericardial fat (TFV Ϫ PFV) and ischemia was less significant than the association between PFV and ischemia, indicating that the association of TFV is mainly driven by PFV. Our findings suggest that fat stores that immediately surround the coronary artery may have an impact on myocardial ischemia. These findings are consistent with our previous 
Figure 4. Ischemia Prediction With Addition of TFV
Receiver-operator characteristic curves for prediction of ischemia using logarithmic transform of CCS alone (red) and CCS plus logarithmic transform of TFV (green). Abbreviations as in Figures 1, 2 , and 3.
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The sensitivity and PPV for both PFV and TFV for detection of myocardial ischemia are low, but the specificity and negative predictive value are higher. The low sensitivity and PPV are expected because this measurement of fat around the coronary arteries is not a direct assessment of the presence of abnormality within the coronary arteries. However, the higher specificity suggests that pericardial fat measurement may potentially help define population subgroups in which further evaluation of myocardial ischemia may be warranted. A CCS Ն400 is traditionally considered to define patients who need further evaluation for ischemia (34, 36, 37) . In patients with metabolic syndrome or diabetes the observed frequency of myocardial ischemia has led to a suggestion that a CCS Ն100 may be a more appropriate threshold (36, 40) . Our findings suggest that increased PFV may also define a patient group in which a lower threshold for ischemia testing may be appropriate. The significant relationship between pericardial fat and myocardial ischemia in our study needs to be further investigated with additional whole cohort studies.
We have previously shown that a greater number of patients who experienced MACE had a PFV Ͼ125 cm 3 compared with event-free controls (15) . In this study, we report that a similar threshold of PFV may confer increased risk of myocardial ischemia; an increased proportion of patients with ischemia exhibit PFV Ͼ125 cm 3 compared with nonischemic controls.
In our study, patients (cases and controls) were matched based on standard CCS categories (CCS 0 to 99, CCS 100 to 399, CCS 400 to 999, and CCS Ն1,000). Therefore, after matching, the categories were not significantly different (p ϭ 0.86); however, log-transformed CCS was not matched, and there is a trend toward significant difference (p ϭ 0.06) for log-transformed CCS between cases and controls in univariate analysis. In multivariable analysis, log-transformed CCS was significantly associated with myocardial ischemia. However, because we matched cases and controls based on CCS categories to minimize the confounding effects of CCS, further examination of the relative strengths of CCS and PFV through a whole-cohort study is needed. Our current results lead us to hypothesize that increases in the number of future cardiac events in patients with high PFV and TFV may be related to an increased risk of myocardial ischemia. Whether the risk of ischemia in this patient cohort is related to an increase in coronary plaque burden, stenosis severity, or abnormal endothelial reactivity still remains to be characterized. Study limitations. A case-control study design, although commonly used to assess the epidemiologic importance of potentially novel disease markers (16, 17) , is more sensitive to the effects of confounding factors than a cohort study design. We chose a case-control design with rigorous matching of potential confounding variables because complete quantification of both PFV and TFV in a large population using currently available techniques Tables 1, 2 , and 3. would be prohibitively time and labor intensive. Our study population consisted of patients without previously known CAD who underwent CCS and MPI by SPECT whether symptomatic or asymptomatic; however, symptoms were matched between cases and controls and were therefore not significantly different (Table 1) . Furthermore, PFV and TFV emerged as predictors of ischemia in a multivariable analysis. C-reactive protein was not available for most of our patients, and correlation of C-reactive protein with PFV or ischemia could not be assessed. Our matching for CCS categories minimized the importance of CCS in multivariable analysis. Although our results suggest additive utility of pericardial fat to traditional risk-stratifying factors, including CCS, for prediction of ischemia, confirmation through longitudinal whole-cohort evaluation is needed.
C O N C L U S I O N S Pericardial fat was associated with myocardial ischemia in patients without known CAD and may be important for risk stratification.
